ABSTRACT
INTRODUCTION
mRNA analysis is extensively used for evaluation of gene expression and regulation. However, when applying this approach to intact tissues, homogenization has to be performed, and the information obtained reflects inevitably the average expression of different cell types. Alternatively, techniques to recover single cell types were suggested, including microdissection using scalpel blade and micropipet (7, 17, 19) or laserassisted techniques (2) (3) (4) 9) . So far, these approaches have been applied for DNA analysis, whereas, up to now, studies in mRNA analysis demanded the use of small tissue fragments still containing heterogenous cells types (14, 18) .
In addition to isolation from only a few cells, sensitive detection of mRNA requires its amplification by reverse transcription polymerase chain reaction (RT-PCR). Use of northern blot and an RNase protection assay are less feasible methods because they require more mRNA than retrievable from a few cells. Since nested-PCR involves serious quantitation problems, single-stage PCR is preferable. RNA extraction and DNase digestion should be avoided to minimize loss of material. Hence, we amplify cDNA in the presence of genomic DNA, which requires the use of intron-spanning primers to discriminate cDNA-derived amplification products from those of genomic DNA. An RT-PCR-compatible buffer containing RNase inhibitor and detergent serves as RNA-releasing medium to enable the immediate performance of cDNA synthesis.
For positive control and noncompetitive internal reference in mRNA quantitation, the simultaneous analysis of a standard gene that is only weakly regulated on the transcriptional level proved to be very useful. However, among commonly used "housekeeping genes" like β -actin, glyceraldehyde-3-phosphate dehydrogenase ( GAPDH) and hypoxanthine guanine phosphoribosyltransferase ( HPRT ), the existence of pseudogenes or retroposons in human (13, 20, 22) and other mammalian genomes with high sequence homologies was reported (8, 11, 15) . To solve this problem, either an additional DNase-digestion step has to be introduced into the work-up procedure or a pseudogene-free standard gene has to be used. The human porphobilinogen deaminase ( PBGD) gene has been described as pseudogene-free (10). This enzyme exists in two isoforms encoded by a single gene. In heme-biosynthesis, an erythroid-tissue-specific splice variant catalyzes the condensation of four porphobilinogen units to hydroxymethylbilane. Use of a different promoter and alternative splicing results in another ubiquitously expressed housekeeping version. The erythroid-tissuespecific version is spliced from exon 2 to 3, whereas the ubiquitous form is spliced from exon 1 to 3 (6, 12) . Here, we demonstrate that the housekeeping gene version of PBGDin the rat is also pseudogene-free and is consistently expressed in all cell types investigated by laser-assisted cell picking.
MATERIALS AND METHODS

Database Accession Number
The presented sequence of rat PBGDhousekeeping gene has been assigned the GenBank ® Accession No. Y17155.
Tissue Preparation
Five-micron cryo-sections of freshly harvested, and immediately TissueTek ® (Sakura Finetek, Torrance, CA, USA)-embedded organs ( n= 23) of 10 adult, inbred male Lewis (RT 1 ) rats and 2 male CD rats (Sprague-Dawley; Charles River, Sulzfeld, Germany) were prepared. Three sections each of 11 different organs were collected. Tissue type and integrity were checked microscopically after haematoxylin-eosin staining.
Laser-Assisted Cell Picking and RNA Processing
Five-micron cryo-sections from the same tissue blocks were mounted on glass slides (0.17-mm thickness), stained with haemalaun for 45 s, rinsed twice in diethyl pyrocarbonate (DEPC)-water, and subsequently immersed in 70%, 90% and 100% ethanol. Sections were briefly stored in 100% ethanol until cell picking. The UV-laser R OBOT MICROBEAM(P.A.L.M. GmbH, Wolfratshausen, Germany) used for microdissection consists of a high-beam precision nitrogen-laser (wavelength 337 nm, maximum frequency 20 pulses per second, pulse duration 3 ns), which is connected to an inverted microscope (Zeiss Axiovert ® 135; Carl Zeiss Jena GmbH, Jena, Germany) through an epifluorescence illumination path. The microscope stage and micromanipulator were digitally controlled, motorized and moved by the computer mouse. Figure 1 gives an example of the picking procedure. Afterwards, the needle with cells was transferred into a reaction tube containing 10 µ L of firststrand buffer (FSB). FSB buffer was prepared as described previously (5) with the following slight modifications: 1% of the nonionic detergent Igepal CA-630 (Sigma, Deisenhofen, Germany) was added to 52 mM Tris-HCl, pH 8.3, 78 mM KCl, 3.1 mM MgCl 2 and 4% RNase inhibitor (Perkin-Elmer, Überlingen, Germany). After short incubation on ice, specimens were snapfrozen in liquid nitrogen. 
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To avoid contamination, several precautions are taken in addition to the usual and strict separation of localities. Before picking, the adjacent tissue is extensively photolyzed. Thus, the sterile needle contacts only the glass slide and the cells to be picked. Additionally, several controls were analyzed in parallel to every picking session: (i) samples with sterile needles that are immediately transferred to a reaction tube without any contact to tissue; (ii)samples in which the reverse transcriptase is omitted; and (iii) samples with cells that are negative for the target gene (if possible). In total 245 samples with picked oligocellular clusters or a few isotypic cell profiles representing 21 specific cell types were investigated.
RNA Extraction from Single Frozen Sections
For mRNA extraction, tissue sections of corresponding expanse (0.25 cm 2 ) were lysed in 200 µ L homogenization buffer/2 µ L β -mercaptoethanol from the MPG Guanidine Direct mRNA Purification Kit (CPG, Lincoln Park, NJ, USA). According to the manufacturer's protocol, mRNA was captured by magnetic separation [for each analysis, 150 µ g MPG streptavidin and 1.5 µ L biotinylated oligo(dT) were applied]. The mRNA was solved in 20 µ L DEPC-treated H 2 O.
cDNA Synthesis
Products for cDNA were purchased from Perkin-Elmer; except dNTPs, which were from Eurobio (Raunheim, Germany). Tubes with picked cells and H 2 O-diluted mRNA from frozen sections were heated to 70°C for 10 min and afterwards cooled on ice for 5 min. cDNA synthesis from 10 µ L of H 2 Odiluted mRNA was performed using 4 µ L MgCl 2 (25 mM), 2 µ L GeneAmp ® 10 × PCR Buffer II (100 mM Tris-HCl, pH 8. 
PCR
Oligonucleotides were synthesized by MWG-Biotech (Ebersberg, Germany). Intron-spanning primers for HPRT were selected (forward: AAAGGT -GTTTATTCCTCATGGACTG, exon 2; reverse: AGCAGGTCAGCAAAGAA-CTTATAGC, exon 3) (16). The cDNA amplification product was expected to be 138 bp, the DNA amplification product was at least 480 bp longer (intron is not completely sequenced).
For PBGD amplification, we used a forward primer ATGTCCGGTAAC -GGCGGC (exon 1) and a reverse primer CAGCATCGCTACCACAGT -GTC (exon 4) of the rat genome (24) . A 126-bp cDNA fragment was expected. Using a TRIO ® Thermoblock (Biometra, Göttingen, Germany), cycling conditions for both primer sets were: 2 min 45 s at 94°C, 60 cycles for cDNA from picked cells or 35 cycles for cDNA from frozen sections with 94°C for 45 s, 62°C for 45 s, 73°C for 45 s and a final extension at 73°C for 5 min. To amplify the PBGD DNA fragments, elongation time was increased to 90 s. Both strands of the PBGD PCR product were sequenced by Sequence Laboratories Göt -tingen GmbH (Göttingen, Germany).
RESULTS
Analogous to the described pseudogene-free housekeeping gene PBGDin human species, we designed PBGD primers for the rat. Reverse primer was selected from exon 4 of the known sequence of erythroid-tissue-specific rat PBGD cDNA (GenBank Accession No. X06827; Reference 24). Since the first exon for the rat PBGDhousekeep - 5) and  PBGD (lanes 7-10) . Lanes 2 and 7, RNA sample with RT; lanes 3 and 8, RNA sample without RT; lanes 4 and 9, genomic DNA; lanes 5 and 10, buffer control; lanes 1 and 6, Φ X174 Hin fI. Amplification product sizes in bp are indicated of 2.5% agarose/TBE gel stained with ethidium bromide. ing gene has not been published, we deduced a forward primer sequence from the mouse gene (GenBank Accession No. M28663; Reference 1) with highest homology to the human gene (GenBank Accession No. M95623; Reference 25). PCR with this pair of primers generated one PCR product with predicted length of 126 bp. Figure 2 shows the sequence of the amplified rat PBGD cDNA fragment and confirms the predicted sequence (GenBank Accession No. Y17155). Optimal annealing temperature corresponded to the calculated melting temperature of the forward primer; this supports the assumption that no or minimal differences of bases between the primer and rat sequence exist. Intron-spanning HPRT-primers generated a PCR product with identical length, even with PCR without reverse transcription. In contrast, the PBGD primer expressed no amplification product without transcription to cDNA. By modification of PCR elongation time, a >1000-bp fragment could be amplified originating from genomic DNA (Figure 3 ). Using this PBGD primer pair, we have never observed amplification of a DNA fragment with same size as cDNA product.
Comparing different volumes of cDNA from picked cell profiles optimal for PCR, we found best results using 8 µ L cDNA (Figure 4 ). Investigating 1 and 2 µ L cDNA, a PCR signal was rarely detected (<10% of the samples). Inserting 4 and 5.5 µ L cDNA in PCR amplification effectivity increased detection to 30%-55%; it was highest (>70%) when performing PCR with 8 µ L DNA template.
To investigate for expression of PBGD, we could reliably amplify its mRNA in all tissue sections from multiple organs characterizing this PBGD sequence as a housekeeping gene. The variety of band intensity was found to be modest, indicating only a confined transcriptional variability among different tissue types.
Analyzing a few cell profiles or oligocellular clusters obtained by laserassisted cell picking from complex rat organs, PBGD mRNA transcripts were found in all investigated cell types (hepatocytes, splenic red pulp cells, splenic lymphocytes from white pulp, kidney glomeruli, kidney proximal tubule epithelia, adrenal cortical cells, adrenal medullary cells, epithelial cells of stomach mucosa, epithelial cells of intestine mucosa, atrial myocytes, ventricular myocytes, aortic endothelium, v.cava endothelium, lung alveolar epithelium, glial cells, brain neurons, skeletal myocytes, lung alveolar macrophages, intramyocardial capillary endothelia, vascular smooth muscle cells and perivascular fibrocytes). Here again, band intensity varied only negligibly.
The overall efficiency of PBGD RT-PCR performed in oligocellular clusters or in a few cell profiles, obtained by laser-assisted cell picking, amounted to 75% (183/245 samples). 2-4, a-d 5-7, a-c) and 2 × 8-µ L (lanes 8-10, a+b) . Using 4 and 5.5 µ L cDNA, a PCR product was detected in 30%-55%. Performing PCR with 8 µ L cDNA, a PCR product was found in more than 70% of the samples. Lanes 11 and 12, samples without RT; lanes 1 and 13 = Φ X174 Hin fI. 2.5% agarose/TBE gel stained with ethidium bromide.
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DISCUSSION
For either single-cell or oligocellular RT-PCR, dealing with small amounts of mRNA housekeeping gene analysis is an appropriate approach to ensure the existence of template. Apart from this, these genes are used for quantifying target gene expression by noncompetitive internal comparison to a constantly expressed standard gene. Unfortunately, existence of related pseudogenes lead to amplification of genomic DNA fragments that are undistinguishable from those obtained with cDNA templates. Their presence may completely falsify qualitative and quantitative analysis, as these pseudogenes appear to be an mRNA amplification product when it actually is a DNA product. This problem is rarely mentioned and seems to be underestimated (10, 21, 22) . As currently demonstrated for rat HPRT, even the design of intron-spanning primers produced DNA and RNA amplification products that could not be recognized. To solve this problem, it is absolutely necessary to either (i) extract RNA without any DNA, (ii) digest genomic DNA with DNase before starting cDNA synthesis or (iii)use only standard/target genes that lack pseudogenes or primers distinguishing cDNA from pseudogene DNA. The first two approaches [ (i) (if possible at all) and (ii) ] demand additional preparative steps with loss of RNA material and are thus disadvantageous for oligocellular RT-PCR.
Since the presently described PBGD sequence was proven to be pseudogenefree, its application allowed the omission of DNase digestion. Moreover, we demonstrated that PBGD mRNA is consistently expressed in all rat tissues and single cell types investigated. These features characterize PBGD as an excellent tool for rat mRNA analysis, in particular when dealing with oligocellular clusters or single cells.
Laser-assisted cell picking turned out to be a rapid and routinely applicable morphology-based method for contamination-free isolation of cell clusters or a few isotypic cell profiles of various complex organs (Figure 2 ). Due to its short wavelength, UV laser allows a very accurate delineation of the photolytic lesion. In contrast to thermically ablating infrared lasers previously used (4, 9) , this kind of non-thermic ablation avoids energy dispension into adjacent cells by heat conduction (23) . Laser delineation accuracy amounts to 2-7 µ m, allowing a precise removal of selected cells. These characteristics confer preservation of cytoplasm including intact mRNA in target cells.
Amplification by use of a thermally activated TaqDNA polymerase (e.g., AmpliTaq Gold Polymerase) enables a single-stage PCR with 50 or 60 cycles. It was recently shown that single-stage PCR performed with these polymerases possesses corresponding specificity and sensitivity when compared to nested-PCR (26) . Furthermore, by reducing the recommended first denaturation time, we achieved a substantial increase in PCR product obtained from a few cell profiles, most probably due to gradual enzyme activation during advanced PCR cycles. Performing singlestage PCR, an extra time-consuming pipetting step with high risk of contamination is avoided, and quantitation problems inherent in a nested-PCR approach are excluded.
Unfortunately, with the additional use of uracil-N-glycosylase (UNG) and dUTP for reducing contamination with PCR products, band intensity and amount of positive samples decreased. This was most probably due to the initially short denaturation step of PCR and a persisting enzyme activity of UNG in the first PCR cycles.
In conclusion, the currently described technique allows microscopically controlled cell harvesting from histological tissue sections and subsequent analysis of mRNA expression. We present a simplified and rapid method that spares RNA extraction and nested-PCR procedure. Using this technique, rat PBGD is suggested as a reliable positive control and internal standard for mRNA quantitation in oligocellular clusters and a few single cells such as those obtained by laser-assisted cell picking in complex tissues.
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